The Mitf-Tfe family of basic helix-loop-helix-leucine zipper (bHLHZip) transcription factors encodes four family members: Mitf, Tfe3, Tfeb, and Tfec. In vitro, each protein in the family can bind DNA as a homo-or heterodimer with other family members. Mutational studies in mice have shown that Mitf is essential for melanocyte and eye development, whereas Tfeb is required for placental vascularization. Here, we uncover a role for Tfe3 in osteoclast development, a role that is functionally redundant with Mitf. Although osteoclasts seem normal in Mitf or Tfe3 null mice, the combined loss of the two genes results in severe osteopetrosis. We also show that Tfec mutant mice are phenotypically normal, and that the Tfec mutation does not alter the phenotype of Mitf, Tfeb, or Tfe3 mutant mice. Surprisingly, our studies failed to identify any phenotypic overlap between the different Mitf-Tfe mutations. These results suggest that heterodimeric interactions are not essential for Mitf-Tfe function in contrast to other bHLH-Zip families like Myc͞Max͞Mad, where heterodimeric interactions seem to be essential.
B
asic helix-loop-helix-leucine zipper (bHLH-Zip) proteins regulate gene expression by binding to the E-box (CANNTG) as hetero-or homodimers; some dimers activate gene expression whereas others repress it. The prototypic bHLH-Zip family is Myc͞Max͞Mad. Work from many laboratories suggests that these proteins function through a complex network of interacting proteins (1) . The ubiquitous Max protein is at the heart of this network. When Myc concentration is high, it complexes with Max, resulting in increased gene expression with concomitant effects on the cell. In contrast, when the concentration of a Mad family member is high, Max complexes with Mad, resulting in reduced gene expression. Mad-mediated repression results from the interaction of Mad proteins with mSin3 proteins, which in turn interact with the histone deacetylases to moderate gene expression (2) . The emerging complexity of this network suggests that the specificity of this protein family is because of protein-protein interactions as well as different target gene specificity (3) . It has been difficult, however, to confirm these results in vivo, as a result of the complexity of this family and that many of the mutations are embryonic-lethal.
Another well studied bHLH-Zip protein family is Mitf-Tfe. Four Mitf-Tfe family members have been identified: microphthalmia (Mitf ), Tfe3, Tfeb, and Tfec. Mutations in Mitf were recognized as early as 1942 and since then over 20 spontaneous or induced mutations have been identified at the locus (4) . Interestingly, about half of the mutations are semidominantly inherited (i.e., they show a partial phenotype in the heterozygous condition) and about half are recessively inherited. All Mitf mutations result in defects in neural crest-derived melanocytes, manifested by reduction or lack of pigment in the coat and inner ear. Many of the mutations also affect differentiation of the neuroepithelial-derived retinal pigment epithelium of the eye, ultimately resulting in microphthalmia, and some Mitf mutations result in a reduction in mast cell numbers. Thus, the Mitf mutations are pleiotropic, affect many different cell types, and can be arranged in an allelic series (4) .
A mutation has been made in the Tfeb gene (Tfeb Fcr ) and results in embryonic lethality because of defects in placental vascularization; the labyrinthine cells fail to express vascular endothelial growth factor, the embryonic vasculature is unable to invade the placenta, and the embryos degenerate as a result of hypoxia (5) . Unfortunately, the embryos die before melanocytes or mast cells are formed thus it is unclear whether Tfeb is important for the development of these cell types as well.
Molecular analysis of the semidominant Mitf mutations shows that they affect the basic or transcriptional activation domains of the protein (6) (7) (8) . These mutant proteins cannot bind DNA; however, they can still dimerize with proteins such as Tfe3 and thereby interfere with DNA binding of the wild-type partner (9) . The dominant negative behavior of these mutant proteins likely accounts for the phenotype seen in heterozygous mice. Consistent with this hypothesis, the recessive Mitf mutations affect the dimerization domain of the protein or lack Mift expression (6, 7, 10) .
Interestingly, a few of the strong semidominant Mitf mutations also produce osteopetrosis because of osteoclast defects, which is not seen in Mitf mutant mice carrying loss of function mutations at the locus. This phenotype is limited to homozygous animals indicating that the mutations are recessive with respect to the osteoclasts. Bone marrow transplantation experiments performed on the original Mitf microphthalmia (Mitf mi ) mutation (one of the semidominant Mitf mutations that produces osteopetrosis) showed that osteopetrosis can be rescued by transplanting cell suspensions from wild-type spleen and bone marrow to the mutant animals (11) . Similarly, transplantation of bone marrow from Mitf mi mice to lethally irradiated wild-type mice induces osteopetrosis (12) . Ultrastructural analysis shows that osteoclasts from Mitf mi mice are smaller than normal, lack ruffled borders (13) , and exhibit fusion disability (14) . These strong dominant negative Mitf alleles therefore seem to induce osteopetrosis by affecting osteoclast differentiation; the defect is cell-autonomous with respect to osteoclasts.
Several observations suggest that Mitf-Tfe proteins mediate their effects as heterodimers, like Myc͞Max͞Mad. For example, the Mitf-Tfe family members are coexpressed in several cell types, including cells affected by Mitf mutations such as osteoclasts (15) and melanocytes (16) . Furthermore, all possible combinations of Mitf-Tfe homo-and heterodimers can form in vitro (9) , and Mitf-Tfe heterodimers have been shown to exist in cell cultures (15) . Taken together, these data suggest that the absence of any one protein would produce a phenotype that is at least partially overlapping with one or more of the other family members. Here, we produce germ-line null mutations in Tfe3 and Tfec and show that the osteopetrosis associated with the dominant negative Mitf alleles is most likely a result of dominant negative interference with Tfe3. Surprisingly, none of the MitfTfe phenotypes studied overlap, suggesting that the homodimer, not the heterodimer, is the essential functional unit of the Mitf-Tfe family.
Materials and Methods
Targeted Disruption of Tfe3 and Tfec. Tfe3 and Tfec genomic clones were isolated from a 129͞Sv mouse library (Stratagene) by using human Tfe3 and rat Tfec cDNA probes, respectively (17, 18) . The X-chromosome origin (19) of the most strongly hybridizing Tfe3 clone (clone Tfe3-1) was confirmed by interspecific backcross mapping. Similarly, the chromosomal origin of the most strongly hybridizing Tfec clone (clone Tfec4-1) was confirmed by mapping. To generate the Tfe3 targeting vector, two NotI fragments from clone Tfe3-1 were subcloned into pBluescript. A 5.5-kb ClaI-NotI fragment, containing sequences located upstream of the known Tfe3 coding region, was excised and subcloned. Next, a 1.8-kb fragment from the end of the gene was generated by PCR, using primers P1 (5Ј-gcaacgctccaaagacctggggatccggcagcgg) and P2 (5Ј-ccagtgccaggactagttggactggcaattccc) and fused with the 5.5-kb clone in the correct orientation. A PgkNeo cassette (20) was inserted between these fragments in the opposite transcriptional orientation, and a tk gene was placed at the 5Ј end of the targeting construct. To generate the Tfec targeting construct, a 1.4-kb EcoRI-EcoRV fragment from clone Tfec4-1 was cloned into pBluescript. A 6.0-kb EcoRV-SacI fragment containing the 3Ј end of the gene was ligated onto the 1.4-kb clone in the correct orientation, and a PgkNeo cassette was inserted between these fragments in the same transcriptional orientation. Finally, the tk gene was placed at the 5Ј end of the construct. The mutant constructs were linearized with NotI and electroporated into CJ7 embryonic stem (ES) cells as described (21) . DNAs derived from G418͞FIAU-resistant ES clones were identified by hybridization. For Tfe3, recombinant clones containing the predicted rearranged bands were obtained at a frequency of 2͞179 or 1.1%. For Tfec, a single positive clone was obtained from 300 clones analyzed and its structure confirmed by using an internal probe. The Tfe3 and Tfec mutant clones were injected into C57BL͞6J blastocysts, and the resulting chimeras were identified by agouti coat color. Chimeras that transmitted the Tfe3 and Tfec mutations through the germ line were mated to both 129͞Sv and C57BL͞6J females to establish lines. For genotyping purposes, DNA was isolated from ES cells and from mouse tails as described (22, 23) and processed for Southern analysis (24) . mice were maintained and propagated at the National Institutes of Health.
Results

Tfe3 and Tfec Mutations. To begin to analyze the functions of Tfe3
and Tfec in vivo and determine whether any of these functions overlap with Mitf and Tfeb, we made germ-line null mutations in both genes by means of gene targeting in mouse embryonic stem cells. Part, or all, of the bHLH-Zip domain of each protein was replaced with pGKNeo ( Fig. 1 A and D) , and the mutations, designated Tfe3
Fcr and Tfec Fcr , respectively, were introduced into the mouse germ line by standard techniques ( Fig. 1 B and E) . As expected, the Tfec message expressed in homozygous Tfec Fcr mice is missing 132 bp of the Tfec bHLH-Zip domain and contains a frameshift mutation, which deletes the remainder of the protein (Fig. 1F) (an Mitf null allele) developed severe osteopetrosis, a phenotype not produced by loss of function mutations in either gene alone (compare Fig. 2 J to E and F; Table 1 ). In the double mutants, the bone marrow cavity is completely filled with bony material (Fig. 2 J) , tooth eruption is delayed, and the animals die within 3 weeks of birth. ), induce osteopetrosis in the homozygous condition (Table 1) . In each case, these mutations produce dominant negative proteins, which can interfere with the function of other Mitf-Tfe proteins (9) . Thus, it has been proposed that the osteopetrosis observed is because of dominant negative interference with one or more of the Mitf-Tfe proteins in osteoclasts. The most likely target for down-regulation is Tfe3, because Tfe3 and Mitf are both expressed in osteoclasts where they are known to form stable heterodimers (15) . Our results confirm this speculation and support the hypothesis that osteo-petrosis results from mutations in Mitf and the associated down-regulation of Tfe3 activity.
Among the three semidominant mutations, Mitf mi has the most severe osteopetrosis, with extensive accumulation of unresorbed endochondral bone and no bone marrow cavity, as seen in sections through femur (Fig. 2B) , tibia, ribs, and head bone mice shows clear signs of hyperosteosis, with extensions of bony trabeculae that reach further into the bone marrow cavity than in wild type (Fig. 2C) . This phenotype resembles the hyperosteosis associated with Camurati-Engelmann disease (26) . Although the Mitf mi-ew protein acts in a strong dominant negative fashion in vitro (9) , only a small fraction of the mutant protein translocates to the nucleus (27) . Thus, the mild phenotype is consistent with dominant negative action of the few nuclear Mitf mi-ew proteins. The osteopetrosis observed in the Mitf Mi-or mutation is more severe than that observed in Mitf mi-ew homozygotes but less severe than in Mitf mi animals (28) . Thus, the three Mitf alleles form an allelic series with respect to osteopetrosis.
Osteopetrosis is not observed in all dominant negative Mitf mutations. For example, the Mitf Mi-wh mutation has normal bone development in the homozygous condition (Fig. 2D) . Similarly, the dominant negative Mitf Mi-brownish (Mitf
Mi-b
) mutation is normal with respect to bone development (8) . Although both of these mutations behave in a dominant negative fashion in vitro, they still retain DNA-binding activity under certain conditions (9 Although the coat and eye phenotype associated with the (Fig. 2I) , similar to that seen in Mitf Mi-or mice (28) . The residual activity of the Mitf Mi-wh protein is probably responsible for the fact that this osteopetrosis is less severe than that seen in the other double mutants analyzed. In all cases, the effects of the Mitf;Tfe3 mutant combinations are specific to osteoclasts, because in no case do they alter the mast cell, eye, or pigmentation defects of Mitf mice (Table 1) 
,Tfeb
Fcr ͞ϩ animals do not develop osteopetrosis, and reducing the Tfeb gene dosage does not change the appearance of these mice in any other way (Table 1) . Furthermore, explant culture and chimera analysis strongly indicate that Tfeb is not necessary for melanocyte development (data not shown).
Effects on Osteoclasts. Staining for osteoclast activity with tartrate-resistant alkaline phosphatase (TRAP) shows that Mitf mi homozygotes (Fig. 3B) have smaller osteoclasts than either wild-type (Fig. 3A) (Fig. 3E) , Mitf mi-ew (Fig. 3C) , or Mitf mi-vga9 (Fig. 3D) (Fig. 3F) or Mitf mi-ew (Fig. 3G) or Mitf mi-vga9 ( Fig. 3H) (Fig. 3B) homozygotes. The different effects of the various Mitf alleles on osteoclast function are likely the results of different effects on target gene expression. Although osteoclasts are smaller in the mutants, TRAP activity can still be detected (Fig. 3) Mitf mutations have also been observed in rats (15, 32) , hamsters (33) , quail (34) , and zebrafish (35) . Molecular analyses of these mutations show that they are loss of function mutations rather than dominant negative mutations. Despite this, osteopetrosis has been reported as a phenotype associated with the quail silver mutation and the rat Mitf mib mutation (36, 37) . In both cases the osteopetrosis is mild. For example, newborn rats show sclerosis that is reduced significantly during the first months, with bone marrow cavities shaping to near-wild-type levels. The Mitf mib mutation is caused by a deletion, but the full extent of this deletion is unknown. It is possible that this mild osteopetrosis is caused by the removal of an as yet unidentified flanking gene that is important for osteoclast function. It is also possible this phenotype reflects species differences in Mitf function in rats or genetic background. In this light, it will be of interest to investigate Tfe3 expression, function, and sequence in normal and Mitf mib rats. The quail mutation is unusual because it carries two alterations in the gene, a histidine to arginine change in the basic domain, and a stop codon shortly after the zipper domain. Although the transactivation potential of this mutation is somewhat reduced as compared with wild type (34), its dominant negative activity has not yet been determined.
Mutations in cathepsin K (Ctsk) also produce an osteopetrotic phenotype. Ctsk-deficient mice survive and are fertile but display excessive trabeculation of the bone marrow space (38) . Ctskdeficient osteoclasts manifest a modified ultrastructural appearance: their resorptive surface is poorly defined with a broad demineralized matrix fringe containing undigested fine collage fibrils, their ruffled borders lack crystal-like inclusions, and they are devoid of collagen-fibril-containing cytoplasmic vacuoles. In humans, CTSK deficiency induces pycnodysostosis (39), a rare inherited osteochondrodysplasia that is characterized by osteosclerosis, short stature, and acroosteolysis of the distal phalanges. Interestingly, in vitro expression studies show that Ctsk expression can be up-regulated by Mitf and Tfe3 (40) . Mitf and Tfe3 may therefore be important activators of Ctsk expression in vivo, and loss of Ctsk expression in Mitf;Tfe3 Fcr double-mutant mice could, in part, explain the osteopetrosis we observe in these animals.
Immunohistochemical studies show that carbonic anhydrase II, another potential target of Mitf, is expressed in osteoclasts of Mitf mi homozygous mice (41) . Electron microscopic studies of osteoclasts from these mice show close contact with bone and some ability to resorb calcified matrix (14) . Furthermore, the cells have the capacity to adhere to and spread from surfaces and form lamellipodia (42) . These observations suggest that the Mitf and Tfe3 mutations do not eliminate osteoclast function altogether. Perhaps Mitf and Tfe3 are required for the expression of genes that enhance the bone resorption ability of osteoclasts. Alternatively, an as yet unidentified protein(s) in osteoclasts, a cell type that seems to have developed genetic redundancy as an important evolutionary theme, could substitute for their function.
A possible explanation for our results lies in the expression patterns of the Mitf-Tfe genes combined with tissue-specific threshold requirements. In melanocytes and labyrinthine cells of the placenta, which express high levels of Mitf and Tfeb, respectively, only the highly expressed family member may be able to meet the threshold requirement. In osteoclasts, Tfe3 and Mitf are expressed at similar levels (15), the threshold requirement could be lower, and either protein may be able to replace the other. The sequences of the Mitf-Tfe genes differ outside of their basic and HLHZip domains, however, and these nonconserved sequences may be responsible for the different phenotypes of mutations in Tfe3 and Mitf. Consistent with this explanation, the Mitf targets Tyrp1 and Tyr can both be stimulated by overexpression of Tfe3 in vitro, whereas Tfeb can stimulate only expression of Tyrp1 (16) .
In summary, our results indicate that the functional importance of heterodimeric interactions varies dramatically among bHLH-Zip families. Although a number of the Myc͞Max͞Mad heterodimers are thought to provide critical and essential functions to this transcription factor network, this does not seem to be true for the Mitf-Tfe family. At least three Mitf-Tfe family members (Mitf, Tfe3, and Tfec) do not serve as essential heterodimerization partners, although Mitf-Tfe3 dimers clearly form in osteoclasts (15) . It remains possible, however, that Tfeb is an essential dimerization partner for Mitf in mast cells or for Mitf or Tfe3 in osteoclasts, as the effects of the Tfeb Fcr mutation have been fully explored only in melanocytes. In short, our results indicate that the outcome of heterodimerization differs dramatically among different bHLH-Zip families.
